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Gap junction proteinGap junction (GJ) proteins are crucial mediators of cell–cell communication during embryogenesis, tissue re-
generation and disease. GJ proteins form plasma membrane channels that facilitate passage of small mole-
cules across cells and modulate signaling pathways and cellular behavior in different tissues. These
properties have been conserved throughout evolution, and in most invertebrates GJ proteins are known as
innexins. Despite their critical relevance for physiology and disease, the mechanisms by which GJ proteins
modulate cell behavior are poorly understood. This review summarizes ﬁndings from recent work that
uses planarian ﬂatworms as a paradigm to analyze GJ proteins in the complexity of the whole organism.
The planarian model allows access to a large pool of adult somatic stem cells (known as neoblasts) that sup-
port physiological cell turnover and tissue regeneration. Innexin proteins are present in planarians and play a
fundamental role in controlling neoblast behavior. We discuss the possibility that GJ proteins participate as
cellular sensors that inform neoblasts about local and systemic physiological demands. We believe that func-
tional analyses of GJ proteins will bring a complementary perspective to studies that focus on the temporal
expression of genes. Finally, integrating functional studies along with molecular genetics and epigenetic ap-
proaches would expand our understanding of cellular regulation in vivo and greatly enhance the possibilities
for rationally modulating stem cell behavior in their natural environment. This article is part of a Special Issue
entitled: The communicating junctions, roles and dysfunctions.
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Effective cell–cell communication is a hallmark of multicellular or-
ganisms, which allows for proper embryonic development, growthommunicating junctions, roles
+1 209 228 4053.
o).
rights reserved.and continued tissue renewal as adults. An illustration of this phe-
nomenon is observed in long-lived organisms (e.g. humans), which
maintain the form and function of differentiated tissues over years.
This extended process of tissue maintenance relies on stem cells
that are activated to proliferate and migrate in order to precisely re-
place aged or damaged cells. Physiological turnover is not restricted
to one tissue type and is simultaneously accomplished in many tis-
sues; in humans it involves the daily renewal of billions of cells
[1,2]. Thus, in order to integrate local and systemic signals that consis-
tently satisfy physiological demands, efﬁcient mechanisms for cellu-
lar communication are instrumental.
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integrates different tissues and organs throughout the body [3–5].
This type of cell communication has been illustrated in a wide range
of invertebrates and vertebrates, which suggests a conserved mecha-
nism throughout evolution [3–7]. Traditionally, the function of GJ
proteins was known to be associated with the formation of mem-
brane channels coupling multiple cell layers to enable the passage
of physiological signals such as ions, second messengers and small
metabolites to pass from one cell to another. However, recent ad-
vances have revealed and assigned additional functions to GJ pro-
teins, including roles as sensors of the extracellular environment,
cell–cell adhesion factors that facilitate cell migration, and modula-
tors of endocrine, pain, signal transduction pathways and pro-
grammed cell death [3,8–15]. Signiﬁcantly, the intercellular
information mediated through gap junctions has been implicated to
regulate the local and systemic physiological demands associated
with embryonic development, growth, differentiation, regeneration,
and tissue homeostasis [3,8].
Gap junctions are composed of proteins called connexins and pan-
nexins in the vertebrates, and innexins in most invertebrates [4,6].
Though the molecular topology between connexins and innexins re-
mains similar, phylogenetic analyses show dissimilarities in the pri-
mary sequences of the two types of proteins [16]. Evolutionary
analyses, based on the conservation of motifs group the innexins
and pannexins into one superfamily, suggesting that these proteins
might have evolved from the same precursor protein [17]. Further-
more, the conservation of primary sequences and motifs also suggests
the notion that innexins probably evolved prior to connexins, while
connexins evolved independently at a later time [16–18].
In vertebrates and invertebrates GJ proteins form channels that
mediate cell–cell communication. Disruption of this cellular commu-
nication can lead to abnormalities in both embryonic and adult
stages, ranging from embryonic lethality and cardiac failure to cancer
and epilepsy [19–24]. For example, deﬁciency in connexin 26 leads to
embryonic lethality in mice starting with abnormalities at day 10-
post coitum and death at day 11 [22]. Connexin 45 is also embryoni-
cally lethal, probably due to deformities caused during cardiac devel-
opment [19,25]. However, extensive data suggest that GJ proteins are
not simply housekeeping components but are also critical modulators
of morphogenesis and axial patterning during embryonic develop-
ment and adult tissue maintenance [3,26,27]. The former is illustrated
in the context of left–right asymmetry determination in vertebrate
embryonic development, where GJ proteins establish long-range
communication among cells inﬂuencing gene expression and consis-
tent organ formation on the left or right side [3,5,28–30]. Inhibition
of this direct cellular communication leads to the inconsistent place-
ment of organs during development in a process known as left–
right visceral randomization [3,5,28–31]. GJ proteins also modulate
cellular behavior in adult tissues, controlling cell cycle progression,
growth, apoptosis and cellular response during injury and inﬂamma-
tory response [3,32–38]. Altogether, gap junction-dependent signals
play fundamental roles in cell communication at many levels and
their functions can be essential for the cell survival and behavior. In
many cases, these signals act as intermediaries capable of spatio-
temporal regulation of morphogenetic patterning and cellular re-
sponse, providing an excellent paradigm for the rational modulation
of cell behavior during therapeutic intervention.
Studies demonstrate the existence of functional differences be-
tween normal and cancer cells based on the presence of various GJ
proteins [39–43]. This phenotypic feature also extends to stem cell
populations that can be deﬁned based on gap junction signatures
[35,44–48]. Thus, gap junction communication (GJC) encompasses a
physiological phenomenon that modulates cellular behavior at the
local and systemic level. Despite the physiological and biomedical rel-
evance of GJC, the mechanisms by which this cellular crosstalk is ac-
complished in vivo remain largely elusive.Experimental evidence accumulated over the last 40 years has ad-
vanced our understanding of GJC and its regulatory aspects, especially
those associated with tissue speciﬁcity, permeability and the way GJC
relates to homeostasis and disease [3,39,42,43,45,49–51]. However, in
many cases, deletion of genes encoded for GJ proteins leads to embry-
onic lethality, highlighting the central role played by GJC during em-
bryonic development [19,22,25]. Although this limits the analysis of
GJC in adult tissues, introducing tissue-speciﬁc genetic deletions that
remove one ormore genes encoding for GJ proteins has proved a pow-
erful molecular tool. Nonetheless, functional disruption of a GJ protein
in many cases tends to be compensated by others, which can poten-
tially mask the study of its speciﬁc systemic roles [3,10–14,24,43,52].
The possibility for simultaneously disrupting multiple gap junction
proteins represents an attractive alternative to avoid compensatory/
redundant mechanisms; however this approach is often difﬁcult to
perform, and its effect can be complicated to analyze in the adult or-
ganism. To understand how tissues integrate to satisfy physiological
cell turnover and repair, GJC role at the systemic level (i.e.: in the com-
plexity of the whole adult organism), needs to be deﬁned, and the
above difﬁculties provide a barrier towards this purpose.
In this review, we discuss recent attempts to study GJC in the com-
plexity of the whole adult organism during tissue maintenance and
regeneration. The approach [38,46,53] capitalizes on a classic model
organism, the ﬂatworm planaria, which provides an excellent system
in which to analyze GJC-mediated stem cell regulation during the
processes of tissue renewal and regeneration in adults. Planarians
are also amenable to genetic manipulation, in particular loss-
of-function studies allowing simultaneous downregulation of multiple
GJ proteins. The opportunity to study gap junction-mediated signaling
in situ in the adult animal, (by using state-of-the-art molecular genetic
technology along with electrophysiology and biochemical tools) offers
a fresh approach to further our understanding of cell regulation
mechanisms.
2. Planarians: a model to elucidate systemic cell turnover and
regeneration
Planarians are multicellular organisms and members of the phy-
lum platyhelminthes (ﬂatworms). These organisms contain deriva-
tives of all three germ layers (ectoderm, mesoderm and endoderm),
and this review will mainly focus on the most common species of
freshwater planarians used in laboratory settings (i.e.: Dugesia japon-
ica and Schmidtea mediterranea) [54–61]. Key features of these organ-
isms include bilateral symmetry, cephalization, and dorsoventral and
anteroposterior polarities [54–61]. Planarians also possess multiple
tissues and organs; for example, recent research highlights the com-
plexity of the planarian nervous system, which includes multiple
types of neurons, receptors and neurotransmitters similar to those
in vertebrates [54,62–64]. Altogether, planarians display tissue com-
plexity and developmental features that are evolutionarily conserved
among metazoans.
The best-known feature of planarians is their capacity to regener-
ate an entire organism from small tissue fragments. This extraordi-
nary plasticity in the adult organism relies on a population of stem
cells known as neoblasts. Scattered throughout the animal, neoblasts
are the only mitotic cells in the worm, giving rise to all tissues and
supporting of physiological cell turnover in the adult [65–67]. During
injury, undifferentiated neoblasts respond with increased prolifera-
tion, giving rise to progeny that migrate to the damaged site to re-
establish form and function [57–59,66,67]. Neoblasts respond to dam-
age quickly and can rebuild any part of the body (including neuronal
connections within the brain and sensory system, and other tissues
such as muscle and the digestive system), within a week
[54,56,59–62,64]. Tightly coordinated neoblast proliferation in re-
sponse to damage indicates that these stem cells process information
regarding their local and systemic environment. In order to
Mitotic
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Fig. 1. Planarians allow analysis of stem cells and their differentiated progeny in the
complexity of the whole organism. Representative images of worms subjected to anti-
body staining (yellow dots represent dividing neoblasts) and in situ hybridization la-
beling the early progeny of neoblasts (green signal) and differentiated tissues
(purple precipitation).
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damage and cell turnover, precise mechanisms of cell communication
must exist within the organism. Thus, intrinsic and extrinsic cues
likely guide neoblast behavior toward unlimited self-maintenance
and attendance on physiological demands throughout the years.
Neoblast behavior is controlled by the needs of its environment,
responding to different types of body demands that may involve the
replacement of: (i) a small number of cells, usually without tissue
damage (e.g.: aged differentiated cell), and/or (ii) a large number of
cells, generally as a response to lost or damaged tissue (e.g. after de-
capitation). The former likely originates within neighboring cells,
and therefore may be considered a local demand that probably affects
few neoblasts (short-range signals). On the other hand, amputation
generally demands the re-establishment of multiple tissues, which
likely involves many neoblasts correlated with the extent of the dam-
age. In this case, the remaining tissues and organs within the regener-
ating fragment need to be surveyed in order to recognize what parts
are missing (long-range signals) and to deploy the right number of
cells to the injured site. The signals driving neoblast proliferation
and deployment are likely guided by local and systemic cues that pro-
vide inputs (“cellular inventory”) to inform about the scale of the de-
mand and the identity of the missing parts.
Intercalary regeneration offers an example of the local and sys-
temic demands that regulate regeneration. Vertebrate and inverte-
brate studies have shown that when most distal and proximal
surfaces of an injured area are conjoined, the missing parts are likely
restored through a process called intercalation [68–76]. While the
molecular bases of this process are still under investigation, studies
to date suggest that cell–cell interactions mediate positional cues
that regenerate the missing parts. Such close cellular interactions
may involve short/long-range signals to coordinate regeneration.
The developmental plasticity of planarians provides an exquisite sys-
tem in which to attempt to understand intercalary regeneration, the
basis of cell–cell interaction, and the identity of instructive short/
long-range signals. Classic experiments were performed joining frag-
ments from different parts of the planarian body to analyze the cellu-
lar contribution of each part towards the re-establishment of form
and function [73,76,77]. However, the exact mechanism used by the
cells proximal to the injured surface to coordinate neoblast response
remains an intriguing aspect requiring further clariﬁcation.
To understand the local and systemic cues involved with this pro-
cess, GJC could be an attractive entry point. Irradiation eliminates
neoblasts and prevents planarians from regenerating; the transplan-
tation of a few neoblasts into an irradiated host is sufﬁcient to restore
stem cell-mediated cellular turnover and regenerative capacities
throughout the whole organism [65,66]. Thus neoblast repopulation
of an entire irradiated host requires both short- and long-range sig-
nals, although the systemic cues responsible for instructing the neo-
blasts are unknown. However, it would be interesting to test
whether gap junction-mediated signals could be manipulated to
alter stem cell behavior in their natural environment during the pro-
cess of repopulation.
Neoblasts and differentiated cells must engage in an active ex-
change of information to satisfy body demands and maintain homeo-
stasis. Currently, the nature of information exchanged and the
mechanisms involved in this cellular crosstalk are not well deﬁned,
but initial attempts have implicated GJC as possible regulators of
short and long-distance signals [38,46,53].
3. Gap junction-mediated stem cell response during tissue
turnover
About a dozen genes encoding for innexin proteins were recently
described in planarians [38,46,53]. These genes were categorized into
four groups (excretory, digestive, mesenchymal and nervous tissue),
based on their expression patterns and phylogenetic relationship.Since neoblasts are the only proliferative cells in the entire worm,
γ-irradiation is commonly used to eliminate dividing cells and their
progeny. Thus, molecules associated with neoblasts can be identiﬁed
based on their differential expression patterns after irradiation. Two
genes encoding for innexins show signiﬁcant downregulation of
their expression after irradiation, suggesting an association between
neoblasts and innexin expression [46]. Functional studies with RNA-
interference (RNAi) in the whole worm reveal that the innexin gene
smedinx-11 is required for proper expression of other neoblast
markers, suggesting that this GJ protein is a key regulator of neoblast
function [46]. Functional disruption of smedinx-11 was accompanied
by the gradual disappearance of neoblasts throughout the body
(Fig. 1A), implying that this neoblast-related innexin is required for
the maintenance of the planarian stem cell pool [46]. Importantly,
downregulation of the remaining eleven innexins by RNAi individual-
ly did not affect neoblast behavior or number. This once again indi-
cates that smedinx-11 is a crucial modulator of planarian stem cells
and that other GJ protein cannot compensate for its loss [46].
In summary, these results suggest that neoblasts may use a partic-
ular gap junction (i.e. smedinx-11) to self-maintain and to regulate tis-
sue turnover. Furthermore, based on the classical functions described
for GJ proteins, it is reasonable to speculate that smedinx-11may have
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rounding environment. Thus, inhibition of smedinx-11-mediated sig-
nals may result in a disconnection between neoblasts and their
neighboring cells leading to the demise of the proliferative cells and
subsequent lethality. This possibility is consistent with the require-
ment for connexin-43 in proliferative cells during zebraﬁsh ﬁn regen-
eration [78], and the involvement of an innexin protein (i.e. zpg) in
the germ cells of the Drosophila ovary [35,48,79]. Alternatively,
there is also the possibility that GJ proteins may possess non-
classical functions that do not require the passage of molecules
through channels in order to activate signaling pathways that alter
cell cycle, migration and adhesion [37]. However, additional experi-
mentation is needed to test these hypotheses.
Bisection of a planarian triggers a neoblast response to re-
establish form and function, which is accomplished by forming a tis-
sue outgrowth at the edge of the wound (blastema) where recrea-
tion of the missing structures begins [54,56–58,60]. The molecular
process that drives blastema formation necessarily includes cell in-
teractions to efﬁciently repair missing tissues. Intriguingly, the ex-
pression of smedinx-11 increases in areas surrounding damaged
tissue shortly after amputation. Furthermore, most cells that form
the blastema during the ﬁrst four days express smedinx-11
(Fig. 1B), suggesting that this innexin in particular may play an
important role during regeneration and in the process of blastema
formation [46]. Similar upregulation of GJ proteins (i.e. Cx37 and
Cx40) has been observed in mammals during liver regeneration
[80] and injury [81]. However, upregulation of a GJ protein is not a
generalized regeneration response as some tissues respond to regen-
eration by the downregulation of a speciﬁc GJ protein [82]. Wound
repair provides evidence for the transient increase and decrease of
GJ protein expression, which could be temporal, spatial and even
tissue speciﬁc (e.g. Cx 43) [83–85]. Furthermore, there is extensive
evidence linking GJ proteins with cell cycle regulation. While the
mechanisms used by gap junctions to regulate cell progression
remain vague, the inﬂuence mediated by these proteins towards cel-
lular response and behavior during homeostasis, development and
disease is evident [3,5,33,34,36,86,87].
Downregulation of smedinx-11 by RNAi results in the progressive
reduction of proliferative neoblasts, resulting in their disappearance
in about two weeks. However, animals amputated one week after
smedinx-11 RNAi, when mitotic activity is still present, also fail to re-
generate. This suggests that although the neoblasts are present and
dividing, the lack of smedinx-11 prevents their response to the regen-
erative demand [46]. However, regenerating fragments are able to
survive for several weeks without the head region. This supports
the notion that smedinx-11 is not a regular “housekeeping gene” but
could be a critical mediator of the neoblast response to tissue damage.
These results are consistent with the argument that planarian stem
cells may use a particular GJ protein to sense physiological body de-
mands. Thus, in the absence of functional gap junction-mediated sig-
nals (mediated by smedinx-11), neoblasts are “virtually isolated” and
unresponsive. Similarly, connexin-43 is speciﬁcally expressed within
proliferative cells and is required to maintain cell division and length
of the ﬁn in zebraﬁsh [78], arguing for an evolutionarily conserved
role within progenitor cells and during the regeneration of complex
structures.
Future experiments will need to incorporate biochemical and elec-
trophysiological techniques to rule out whether planarian innexins
are exclusively acting as cell–cell communicating entities or whether
there are non-classical roles for gap junctions. The initial implications
of a particular innexin in modulating stem cell behavior in the com-
plexity of the whole organism, represent an entry point to begin
unraveling both the genetic and epigenetic signals (e.g. ion ﬂows,
pH gradients) known to affect cellular behavior [33,88–90]. Gap junc-
tions (connexins and innexins) are known to have crucial roles in
maintaining the proliferative state of both embryonic and adultstem cells [35,48,78,91], implying that GJ proteins may represent an
ancient mechanism of cell communication used by progenitor cells
to sense and recognize physiological demands during embryogenesis
and cellular turnover. Additional experiments using the planarian
model could provide insights on the nature of the molecules ex-
changed during cellular crosstalk. An important aspect of this analysis
is the opportunity to reveal molecular targets to modulate stem cell
behavior in their natural environment.
4. Gap junction-mediated stem cell response during tissue
regeneration in planarians
Tissue regeneration offers a great paradigm to study signals asso-
ciated with the establishment of axial patterning and the functional
integration of new and pre-existing tissues [92–97]. The early molec-
ular events during planarian regeneration remain mostly unknown,
but the initial process involves wound closure, dorsal–ventral interac-
tions, and neoblast proliferation to form the blastema at the edge of
the wound [56–58]. Remarkably, missing tissues are proportionally
regenerated and correctly placed according to the pre-existing ante-
roposterior, dorsoventral and mediolateral axes [92–97]. Thus, di-
verse cues originating from differentiated tissues in the form of
biochemical gradients, patterns of territorial gene expression, neural
inputs, physical signals, and ion ﬂows may instruct the neoblasts re-
garding the positional speciﬁcation of missing parts. However, deter-
mining how these signals functionally integrate to establish and
maintain different axes has proved challenging. Despite recent ad-
vances identifying molecular pathways (e.g. Wnt, Hh, BMP signaling)
essential for this process [98–108], the information is still largely
fragmented and no functional model yet exists to explain all known
morphological patterns after amputation [92–97].
Within the ﬁrst few hours after amputation, the regenerating frag-
ment is poised to make critical decisions in order to re-establish form
and function [38,94,109]. Thus, shortly after damage, neoblasts sur-
rounding the wounded surface must gather information regarding
the identity of the remaining tissue (e.g., presence of brain), which
is crucial for the early response to injury [38]. The nervous system
has been typically associated with the initial regenerative response
in both vertebrates and invertebrates [74,110,111]. Despite recent ad-
vances, the molecular connection between the nervous system and
regeneration remains poorly characterized [112]. The planarian cen-
tral nervous system (CNS) consists of a bi-lobed brain, a pair of ven-
tral cords running along the anteroposterior (A/P) axis and
numerous axonal projections that reach every part of the body
[54,62,63]. Initial evidence suggests that the planarian CNS has inﬂu-
ence in regulating the regeneration of posterior areas through an un-
known mechanism [113–116]. Thus, the planarian nervous system
ﬁts well into the type of component that may facilitate instructional
cues to the injury-induced neoblast response.
Consistent with the argument that GJ proteins connect multiple
cell layers, experiments were carried out to investigate the role of
innexins as facilitators of long-range communication along the body
[38,53]. The fact that neoblasts depend on a speciﬁc GJ protein (i.e.,
smedinx-11) for self-renewal and response to injury does not exclude
the possibility that other innexin proteins expressed in differentiated
tissues also participate in long-range cellular communication during
regeneration (e.g. A/P polarity determination). Indeed, loss of func-
tion with RNAi of individual innexins other than smedinx-11 does
not alter regenerative outcomes [38]. However, treatment with com-
pounds known to inhibit GJC in vertebrates and invertebrates (i.e.
heptanol or octanol) leads to a consistent alteration of A/P polarity
during regeneration [38,53]. Speciﬁcally, removal of both the head
and tail with simultaneous exposure to the GJC inhibitors induces
the regeneration of viable planarians with heads at both ends (bipolar
head) and no tail. Importantly, treatment with heptanol or octanol
does not distinguish among the different innexins thus overcoming
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ing great opportunities to analyze effects after inhibiting multiple
gap junctions during regeneration or tissue maintenance.
Recently, it was reported that treatment with octanol on frag-
ments subjected to anterior and posterior amputation led to the re-
generation of double-headed bipolar planarians. These two-headed
worms did not display any apparent defects in tissue turnover, imply-
ing that not all GJ proteins (including the neoblast speciﬁc innexin-11)
were inhibited [38]. This approach provided certain advantages over
the RNAi technique; in particular, it enabled time course experiments
to inhibit innexin protein function immediately after treatment
(b1 min). This method identiﬁed GJ proteins as crucial mediators of
pattern determination during early regeneration [38]. Perhaps more
interesting is the observation that neoblasts were responsive to dam-
age but incorrectly formed ectopic tissues and organs after a transient
blockage of physiological signals. Moreover, an additional anteropos-
terior axis with heads and other organs could be predictably induced
in lateral wounds leading to animals with three or four brains (Fig. 2).
The prospect of coordinating adult stem cell-response independently
of the organismal needs represents a unique opportunity to attempt
rational manipulation of cellular behavior in situ.
Chemical inhibition of GJC does not affect the initial response to
wounding or blastema formation, but it seems to alter the instruc-
tions neoblasts receive to form missing parts [38]. Although the mo-
lecular mechanisms that instruct neoblast responses are largely
unknown, disruption of the ventral nerve cords together with GJC
blockage results in the formation of ectopic heads independent of
the pre-existing anteroposterior axis. These results implicate both
GJC and parts of the CNS as key elements in the determination of
long-range signals that sense the presence of remaining tissues (e.g.4 
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Fig. 2. smedinx-11 expression during regeneration and its downregulation leads to neoblast
an antibody against the phosphorylated form of Histone-3 (H3P) (green dots are positive si
(7, 11 and 14 days). H3P signal is disappearing in a gradient, anterior to posterior, in a time-
putation. The neoblast-related innexin gene (smedinx-11) is expressed within the cells form
resents plane of amputation. To improve visualization, purple signal in merge image was p
Adapted with permission from Oviedo and Levin (2007), Development, 134:3121–3131.brain) within the regenerating fragment. Under these conditions,
two parallel pathways act together to instruct the neoblasts sur-
rounding posterior facing wounds to form a new head and anteropos-
terior axis that integrates with the pre-existing animal morphology.
Importantly, these gap junction and nervous system-mediated cues
produce their maximum effect within the ﬁrst 6 h after amputation,
which underscores their relevance in the initial response to injury
(Fig. 3).
A combinatorial RNAi screen involving more than 600 planarians
identiﬁed three genes encoded for innexin proteins (Dj-inx5, 12 and
13). These innexins phenocopied the effect of pharmacological inhi-
bition with octanol [38]. Signiﬁcantly, these genes were mostly
expressed within the CNS, and their downregulation induced antero-
posterior axis alterations in both regenerating and uninjured ani-
mals, emphasizing the robustness of the genetic manipulations.
Together, these analyses implicated three CNS-related innexins as
key components in the maintenance of anteroposterior polarity dur-
ing cellular turnover and regeneration [38]. The speciﬁc mechanisms
on how these three innexins mediate to determine A/P polarity and
neoblast behavior are not clear. Although data from different species
indicate that innexin and connexin proteins interact with members
of the Wnt pathway [32], it is not obvious how gap junction-
mediated cues integrate with components of the Wnt signaling
pathway in the adult planarian. Important differences exist among
loss-of-function phenotypes targeting innexins and components of
the Wnt signaling (Table 1), suggesting the requirement for further
studies. Thus ﬁndings about GJC-mediated neoblast regulation will
expand our understanding in areas of stem cell regulation that are
difﬁcult to appreciate in other experimental models currently
available.11 days 14 days
medinx-11(RNAi)
disappearance. A) Confocal projections of whole-mount immunostained animals using
gnal). Control (left); smedinx-11(RNAi) worms at different times after dsRNA exposure
dependent manner. B) In situ hybridization on longitudinal section four days after am-
ing the regenerating blastema (purple signal, right side of the picture). Dotted line rep-
seudocolored to green by using Adobe Photoshop image software. Scale bar is 0.1 mm.
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Fig. 3. Gap junction and neural mediated signals permanently affect axes formation in regenerating planarians. A) Single headed animals were amputated (post pharyngeal area,
red dotted lines) and gap junction proteins and nervous signals disrupted with octanol treatment and surgery (fragments i–iii, respectively). B) Depending on the type of cut an-
imals can be induced to form bipolar, triple and quadruple heads (white arrows, top). Immunostaining with the central nervous system marker (anti-synapsin antibody) revealed
that animals have multiple brains connected by common ventral nerve cords (white arrows bottom). Scale bars 500 μm.
Adapted with permission from Oviedo et al. (2010), Developmental Biology, 339:188–199.
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Understanding the roles GJ proteins play in planarian homeostasis
and regeneration will inform us about the regulatory signals affecting
adult stem cell behavior in vivo. Therefore, it is critical to identify
whether smedinx-11 functions require (1) formation of gap junction
channels and (2) if the neoblasts lack of response during regeneration
and homeostasis in smedinx-11(RNAi) is mediated through interac-
tions with other membrane/structural proteins. Thus, biochemical
and electrophysiological recordings in cells expressing SMEDINX-11
protein will provide evidence towards addressing this issue
[117–120]. In order to determine how neural inputs affect neoblast
behavior and polarity, it is crucial to relate the dynamics of neoblast
responses to the movement of ions, small molecules, electric-
currents and pH gradients that are known to inﬂuence polarity andTable 1
Differences between gap junctions and Wnt signaling pathway during the determina-
tion of anterior–posterior polarity.
Gap junctions Wnt signaling
Gradient of susceptibility to form
double-headed bipolar animals
(maximum at post-pharyngeal area)
Susceptibility to form bipolar animals
is mostly uniform along the A/P axis
The post-pharyngeal area displays higher
propensity to develop A/P problems
after RNAi of innexin genes
Ectopic anteriorization is induced at
posterior wounds and in some cases
radial-like hypercephalized animals
after RNAi
Functional disruption of innexins with
RNAi or pharmacological compounds
lead to the formation of equal number
of pharynxes and ectopic heads
Disruption with RNAi of Wnt signaling
members does not necessarily lead to
correspondence between the number
of pharynxes and ectopic heads
Presence of brain and ventral nerve cord
integrity affects A/P polarity during
regeneration
Nervous system inputs are not
required to induce ectopic
anteriorizationregeneration [3,33,121–123]. Ideally, in vivo analyses to study GJC-
mediated regulation should be performed with a systems biology ap-
proach, where experimental data is used to build predictable models
of cell and organismal behavior. Therefore, a comprehensive ap-
proach that integrates molecular genetics, physiological, biochemical
and computational approaches will allow us to precisely determine
how GJ proteins mediate short/long-range cellular communication
and their contribution within the systemic circuitry that controls neo-
blast behavior.
6. Concluding remarks
The data discussed here indicate that GJ proteins are essential reg-
ulators of neoblast biology [38,46,53]. Moreover, innexin proteins
modulate neoblast responses to injury in at least two different
ways: 1) by restricting their capacity to self-renew and sense damage
(smedinx-11), and 2) by facilitating the formation of ectopic tissues
and setting up a new anteroposterior (A/P) polarity (Dj, inx-5, -12
and -13). In both cases, short and long-range signals are probably in-
volved. However, smedinx-11 mediated function may be restricted to
neoblasts and their immediate division progeny, which is likely re-
quired to sense local and systemic cues during cellular turnover and
regeneration. On the other hand, gap junction-related neural signals
affecting neoblast behavior likely come through differentiated tissues
(i.e., nervous system), which may be regarded as an indirect input af-
fecting instructive signals during regeneration rather than cellular
turnover (Fig. 4). Since the planarian model system incorporates the
study of neoblasts in their natural environment, it is likely that the
gap junction-mediated effects on these stem cells incorporate physi-
ological signals arising from the surrounding environment. Simulta-
neous downregulation of both gene expression and protein
function, which potentially overcome compensatory/redundancy
mechanisms frequently observed in vivo is another advantage to the
Fig. 4. Summary schematic of early events during planarian regeneration involving GJ-mediated neural signals. A) An algorithm based on bimodal decisions was derived, represent-
ing in a simpliﬁed manner how information mediated by GJ proteins and VNC affects regenerative pattern. The key inputs provided to a wound at early stages of regeneration are
schematized in a hypothetical case in which transverse amputations produce 3 fragments (*, “PW”= long fragment including pre-existing brain and a posterior wound, ** = post-
pharyngeal fragment with anterior (AW) and posterior (PW) wounds, and *** = tail fragment with only AW). Time post-amputation is shown in the vertical left scale from 0 to
>24 h. As soon as the wound surface is minimized by mechanical contractions, instructive inputs from differentiated tissue are required at the wound to begin to establish polarity
and identity of the regenerate. Key signals include GJ-mediated signals and VNC integrity functioning within the ﬁrst 3–6 h of regeneration. Information provided to the wounded
area likely includes the presence of brain tissue in the animal's body. Since anterior wounds regenerate heads despite GJ inhibition, additional mechanisms must also exist. In a long
fragment (*), both GJ-mediated signals and VNC integrity inform the PW about the presence of brain and that no anterior blastema is needed; thus, neoblasts surrounding PW are
speciﬁed by other means (e.g.: intercalary regeneration) to form a posterior blastema. If no brain is detected within the regenerating fragment, this narrows down the possibilities
to fragments below the head region (e.g.: post-pharyngeal** or tail***). A critical step for the blastema is to identify whether there is only one wound within the pre-existing tissue.
If so (it is a fragment only with an anterior wound *), then the neoblasts must be instructed to form an anterior blastema. Conversely, if there are two wounds in the fragment (e.g.:
** post-pharyngeal) the subsequent information instructing neoblasts at those wounds concerns the determination of wound location (i.e.: AW or PW). For AW, alternative cues
independent of GJs are in place. Anterior blastemas form faster [124]; thus they can prevent (via neural/GJ-dependent signaling) the differentiation of additional anterior structures
(black dotted line). Thus, inputs at this point allow sensing of anterior blastema formation and the PW is instructed to form a posterior blastema that integrates with pre-existing A/
P axis. Fate decisions during this process can be altered by blocking neural GJC and disrupting VNC integrity (which affect the determination of head tissue within the fragment) The
model and the timeline are consistent with proposed anterior regenerative process based on gene expression [54].
Reproduced with permission from Oviedo et al. (2010), Developmental Biology, 339:188–199.
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represent an important complement to studies that focus on the tem-
poral expression of genes. Integrating functional analysis along with
molecular and biochemical examination would expand our under-
standing of stem cell regulation in vivo and greatly enhance the pos-
sibilities to modulate stem cell behavior in their natural environment.Acknowledgements
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